Plasmacytoid dendritic cells (pDCs) represent a DC subtype that exerts divergent functions in innate and adoptive immunity including the immediate reaction to microbial factors and the induction of immunoregulatory responses. It is thought that different DC subtypes may be critically involved in the pathogenesis of multiple sclerosis (MS). In our study we assessed the phenotype, maturation and functional properties of peripheral blood pDCs from 35 clinically stable, untreated multiple sclerosis patients, 30 healthy controls and 9 patients with pneumonia, which was used as a non-specific inflammatory condition (NIC). Ex vivo expression of CD86 and 4-1BBL was significantly lower on pDCs from multiple sclerosis patients than from controls and patients with NIC (22 versus 47 versus 41% and 12 versus 35 versus 32%, respectively). When stimulated with IL-3 and CD40L, pDCs of multiple sclerosis patients showed inefficient maturation as demonstrated by significantly lower or delayed upregulation of CD86, 4-1BBL, CD40 and CD83. Additionally, in multiple sclerosis, stimulation of pDCs by unmethylated cytosine-phosphate-guanosine oligodeoxynucleotides (CpG ODN) resulted in a significantly lower interferon (IFN) alpha secretion than in controls. In multiple sclerosis, but not in controls, pDCs failed to upregulate proliferative responses and IFN-gamma secretion of autologous peripheral blood mononuclear cells (PBMC) in a co-culture system. Moreover, depletion of pDCs in multiple sclerosis patients, but not in controls, had no effect on generation of CD4
Introduction
Multiple sclerosis (MS) is a chronic inflammatory disease of the CNS. Target-specific T cells, which are normally controlled by tolerance mechanisms, are assumed to initiate and perpetuate an autoimmune reaction that leads to severe CNS damage (Martin et al., 1992; Steinman, 1996) . The mechanism of the initial T-cell activation is not known but several lines of evidence suggest their activation by microbial factors with subsequent development of autoimmune reactions (Sriram et al., 1999; Haahr et al., 2004; Rotola et al., 2004 ) . Dendritic cells (DCs) are critically involved in the primary induction of T-cell activation as part of the mounting immune responses. In humans there are at least two main subsets of peripheral blood DCs: myeloid (mDCs) and plasmacytoid (pDCs) (Lipscomb and Masten, 2002; Shortman and Liu, 2002) . mDCs and pDCs differ functionally in many aspects including antigen uptake, cytokine secretion profiles and priming of an immune response (Shortman and Liu, 2002) . The most striking feature of pDCs distinguishing this subset from other DCs is a vigorous reaction to various pathogens with high secretion of type I interferons (IFNs) (Cella et al., 1999; Siegal et al., 1999) . In the adoptive arm of the immune response, pDCs demonstrate a pronounced ability to prime Th1 (Cella et al., 2000) and Th2 cells (Rissoan et al., 1999) , as well as regulatory T cells associated with immunoregulation (Pulendran et al., 2000; Gilliet and Liu, 2002; Moseman et al., 2004) . Thus, the insufficiency of pDC function might lead to inappropriate immune reactions and contribute to the impairment of immunoregulatory mechanisms, which in turn contributes to the development of autoimmune disorders.
It has been shown that the state of maturity (Dhodapkar et al., 2001; Janjic et al., 2002) and, in particular, the expression of co-stimulatory molecules strongly influence the properties of DCs (de Jong et al., 2002; Hsu et al., 2002) . The best-characterized co-stimulatory molecules belong to the B7 and the tumour necrosis factor (TNF)/TNF receptor (TNFR) families. B7.1/CD80 and B7.2/CD86 expressed on antigen-presenting cells (APCs) are considered as the predominant molecules delivering 'second signals' during T-cell activation (Chambers and Allison, 1997; Chambers, 2001) . 4-1BBL/CD137L provides additional co-stimulatory signals that are at least partially independent from B.7 ligation (Kim et al., 1998; Gramaglia et al., 2000; Bertram et al., 2002) , whereas the interaction of CD40, expressed on DCs, with CD40L, expressed on T cells, is crucial for final DC maturation (Cella et al., 1996; Bleharski et al., 2001) . Signals provided by the pattern recognition receptors have a particularly strong influence on the maturation and function of DCs (Hertz et al., 2001; Biragyn et al., 2002) . Within the Toll Like Receptor (TLR) family, TLR9 is of particular interest because it is expressed exclusively on pDCs and B cells and its ligands such as unmethylated cytosine-phosphate-guanosine oligodeoxynucleotides (CpG ODN) act as very effective direct activators of these cells .
Myeloid and plasmacytoid subsets of DCs are both present in the cerebrospinal fluid of multiple sclerosis patients (Pashenkov et al., 2001) ; however, their role in the pathogenesis of multiple sclerosis remains unknown. In the present study we focused our interest on pDCs from peripheral blood and investigated their surface expression of molecules involved in differentiation, antigen presentation, co-stimulatory signal delivery and maturation. Subsequently, we assessed their functional properties, including their effect on the generation of immunoregulatory cells (Treg cells).
Material and methods Patients and controls
For this study only patients with a diagnosis of relapsing-remitting multiple sclerosis (RR multiple sclerosis) and with a clinically stable disease course were chosen. Patients had to be free of immunomodulatory treatment during the study period and at least for the preceding 6 months. Patients having suffered from a relapse and/or receiving glucocorticosteroid treatment for at least 90 days before cell collection were excluded from the study. Owing to these stringent selection criteria and the difficult demands to meet the leucapheresis procedure conditions, only few of over 300 patients screened in our multiple sclerosis centres entered the study. Thirtyfive patients with a mean Expanded Disability Status Score (EDSS) of 2.7 (SD 6 1.6) were eventually included for the ex vivo analysis. Thirty healthy subjects, without any kind of permanent treatment, served as a control group. An additional group of patients (n = 9) with pneumonia was used as a non-specific inflammatory condition control (NIC). The groups were matched for sex and age. Blood withdrawal and leucapheresis were approved by the local ethics committees.
For the assessment of the effect of disease-modifying drugs (DMD) on the pDC function, an additional group of nine patients treated with glatiramer acetate (GA) was included in the study. The mean age and EDSS was comparable with the other multiple sclerosis patients. The treatment period with GA was, on average, 30 months. All patients were clinically stable during GA treatment and at the time of sampling for this study.
Leucapheresis
For pDC sorting experiments, large numbers of peripheral blood mononuclear cells (PBMC) had to be obtained, which was not feasible through venipuncture. Therefore, a leucapheresis procedure was needed to isolate sufficient numbers of PBMCs. All leucaphereses were performed at the Department for Transfusion Medicine of the University Hospital in Würzburg, Germany, and at the Blood Donation Center, Lodz, Poland, with automated continuousflow blood cell separators (COBE Spectra, Gambro BCT, Inc., USA or Fenwal CS-3000, Baxter International Inc., USA). Typically, $2-4 · 10 9 mononuclear cells were collected from 4-6 l of peripheral blood over 1.5-2 h. After leucapheresis, PBMC suspensions were immediately used for the DC isolation procedures and culture experiments described below. None of the patients and controls suffered from major adverse events.
Fluorescence-activated cell sorting (FACS) analysis
PBMCs were isolated from peripheral blood samples obtained through venipuncture by centrifugation on a discontinuous density gradient (Histopaque 1077, Sigma-Aldrich, St Louis, USA). The mononuclear cell fraction was washed three times in phosphate buffered saline (PBS), counted and suspended in PBS for flow cytometry analysis. PBMCs from multiple sclerosis patients, healthy controls and NIC patients were assessed by three-or two-colour flow cytometry using a FACSCalibur Ò cytometer and CELLQuest Ò software (BD Biosciences, San Jose, CA, USA). The myeloid subset of DCs can be further divided into two populations expressing blood dendritic cell antigen-1 (BDCA1), which has been shown to be identical to CD1c, or BDCA3. In contrast, BDCA2 and BDCA4 are specific for blood pDCs (Dzionek et al., 2000 (Dzionek et al., , 2001 (Dzionek et al., , 2002 Isolation and culture of plasmacytoid DCs pDCs were isolated from the PBMC suspensions obtained by leucapheresis of 18 multiple sclerosis patients and 12 healthy subjects. PBMCs were isolated by Histopaque 1077 gradient centrifugation (30 min, 300 g, 20 C) (Sigma-Aldrich). 2 · 10 9 cells were then sorted with BDCA4 isolation kit (Miltenyi Biotec) in the magnetic field of a MidiMACS Ò sorter (Miltenyi Biotec). Positive fractions routinely contained >95% of BDCA2 + CD123 + pDCs. Cells from the pDC-negative fraction were subjected to an additional run on the sorting column in order to remove any residual pDCs and were afterwards used in co-culture experiments (pDCnegative fraction). The content of pDCs in depleted fraction was routinely <0.1%.
Isolated pDCs were plated for 96 h on 48-well culture plates (Nunc, Roskilde, Denmark) at a concentration of 5 · 10 5 /ml in a culture medium containing RPMI 1640, streptomycin 100 mg/ml, penicillin 100 U/ml, 2 mM L-glutamine (Gibco, Life Technologies, Vienna, Austria) and 10% heat-inactivated fetal calf serum (FCS; Boehringer Mannheim, Germany) supplemented with 10 ng/ml of recombinant human interleukin-3 (IL-3) (R&D Systems). For the last 48 h of culture, 0.5 mg/ml of recombinant human soluble CD40 ligand (sCD40L, R&D Systems) was added. Every 24 h a sample of cells was harvested for flow cytometry analysis and culture supernatants were collected for measurement of IFN-alpha and IL-12 production.
Allogeneic proliferation assay
In co-culture experiments, 1 · 10 5 PBMCs depleted of pDCs that were obtained from multiple sclerosis patients (n = 8) and healthy subjects (n = 7) were cultured on a round bottom 96-well plate with 1 · 10 5 irradiated (15 Gy) allogeneic PBMCs as stimulators and graded numbers of freshly isolated autologous pDCs (pDCs to pDC-depleted PBMC ratio: 1 : 100, 1 : 20 and 1 : 10). In parallel, identical co-culture experiments were performed in a culture medium supplemented with 10 ng/ml IL-3. All experiments were done in triplicate. In each case, allogeneic stimulators were obtained from the same healthy donor. After 48 h supernatants were collected and 1 mCi of [ 3 H]-thymidine (Amersham, United Kingdom) was added to each well for the next 16 h. At the end of the culture the cellular incorporation of [ 3 H]-thymidine was determined. The outcome of co-culture proliferation assay was counted as a stimulation index (SI). Additionally, the secretion of IFN-gamma and IL-2 was measured in culture supernatants by enzyme-linked immunosorbent assay (ELISA).
CpG ODN stimulation
2 · 10 6 PBMC/ml from multiple sclerosis patients and healthy controls were cultured on a round bottom 96-well culture plate for 72 h in culture medium (see pDC culture, without IL-3 or sCD40L) or culture medium additionally supplemented with 0.5 or 1 mM of type A unmethylated CpG ODN (CpG 2216, 20mer; TIB MOLBIOL, Berlin, Germany) as a stimulator of TLR-9. Every 24 h culture supernatants were collected for measurement of IFN-alpha secretion by ELISA.
CD4
+ Foxp3 + cell analysis in culture 1 · 10 6 PBMC/ml from multiple sclerosis patients and healthy controls were cultured on a round bottom 96-well culture plate for 6 days in culture medium supplemented with 10 mg/ml human Myelin Basic Protein (MBP) (Chemicon, CA, USA). In parallel experiments, prior to culture, PBMC were depleted of pDCs with BDCA4 + -specific magnetic beads. The content of pDCs in the depleted fraction was routinely <0.1%. At the end of the culture, cells were harvested and the percentage of Foxp3 + CD4 + cells was assessed by flow cytometry.
Cytokine secretion
Cell culture supernatants were collected, aliquoted and stored at À20 C. Immediately before the measurement, aliquots were brought to room temperature and analysed for cytokines content (IFN-alpha, IL-12, IL-2, IFN-gamma) using sandwich ELISA kits (human IFN-alpha, Bender MedSystems; human IL-2, human IL-12 p70, BD Bioscience; human IFN-gamma, R&D Systems) according to manufacturers' protocols.
Statistical analysis
The statistical analyses were performed using STATGRAPHICS PLUS v. 5.0 software. All comparisons of group data were done with the non-parametric Mann-Whitney test, with P = 0.05 as the level of significance.
Results
The frequency of the blood DC subtypes in multiple sclerosis does not differ from healthy subjects All BDCA1
+

CD19
À and all BDCA3 + cells expressed CD11c and HLA-DR, whereas BDCA2 + cells were negative for CD11c
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and positive for CD123, HLA-DR and BDCA-4. This observation confirms the specificity of BDCAs for blood DC subtypes (Fig. 1 ).
There was no significant difference in the frequency of DC subsets in the blood between clinically stable multiple sclerosis patients (n = 35) and control subjects (n = 30), and the DC level remained <1% of total PBMC population. Also the ratios between DC subsets were not significantly different between multiple sclerosis and controls (data not shown).
Blood pDCs in multiple sclerosis present an immature expression profile of co-stimulatory molecules
To assess the maturational state of DC subsets in the blood of multiple sclerosis patients and controls, we performed phenotypic analyses evaluating expression of several costimulatory molecules. CD40, CD80, CD83 were all expressed at negligible levels and there was no difference between multiple sclerosis and controls (data not shown). In contrast, the expression of CD86 and 4-1BBL was significantly lower on multiple sclerosis-derived BDCA2 + pDCs than in healthy controls (22 versus 47%, P < 0.0001 and 12 versus 35%, P < 0.0001, respectively) and patients with NIC (22 versus 41%, P < 0.0005 and 12 versus 32%, P < 0.005, respectively) (Fig. 2) . As a control experiment, we assessed the expression of CD86 and 4-1BBL on the two mDC subsets-CD1c/BDCA1
+ and BDCA3 + -and found a similar expression pattern in multiple sclerosis and healthy subjects (data not shown).
These results suggest that the pDCs isolated freshly from the blood of multiple sclerosis patients have an immature profile of co-stimulatory molecule expression when compared with pDCs in healthy controls and patients with NIC; this differential profile was not observed in mDCs.
Blood pDCs in multiple sclerosis show impaired maturation in vitro
To assess whether the observed phenotypic abnormalities of multiple sclerosis-derived pDCs are meaningful and impose an altered functional pattern, we isolated peripheral blood pDCs to perform a series of in vitro experiments. In order to obtain sufficient numbers of pDCs for culture assays, we had to use cells isolated during leucapheresis. pDCs were cultured in the presence of IL-3 and sCD40L, cytokines which are widely used as maturation and activation factors for pDCs in culture (Grouard et al., 1997; Ito et al., 2001) , for 96 h. Every 24 h, pDC expression of co-stimulatory molecules was evaluated by flow cytometry. These experiments showed that already after 24 h of culture the upregulation of CD86 was significantly lower in pDCs from multiple sclerosis patients and reached the level of the control group only after 96 h (Fig. 3B) , in contrast to CD80 (Fig. 3A) . Similarly, the expression of 4-1BBL remained significantly lower on multiple sclerosis-derived pDCs until the fourth day of culture (Fig. 3C ). More importantly, in multiple sclerosis the upregulation of CD40 was impaired. The expression of this molecule, which is indispensable for DC maturation and activation, was significantly lower in multiple sclerosis during the whole culture period (Fig. 3D) . The maturation defect of pDCs in multiple sclerosis was further confirmed by significantly lower upregulation of CD83, another molecule considered to be an important DC maturation marker (Fig. 3E) . Taken together, these results demonstrate an impaired maturational process of pDCs in multiple sclerosis in response to IL-3 and CD40L.
In parallel to the phenotypic evaluation, we assessed the cytokine profile of pDCs cultured with IL-3 and sCD40L. Every 24 h of culture we collected supernatants and measured the secretion of IFN-alpha and IL-12 by ELISA. Under conditions used in this experiment, pDCs produced low amounts of IFN-alpha and IL-12 p70. In the multiple sclerosis group the secretion of both cytokines showed a wider range, and differences between groups were not statistically significant (data not shown).
Blood pDCs in multiple sclerosis show impaired allogeneic stimulation
In order to assess pDC function in multiple sclerosis patients, we investigated the ability of pDCs to regulate the proliferation and cytokine secretion of autologous PBMCs when stimulated with allogeneic irradiated cells. For this purpose we cultured allogeneic PBMCs as stimulators with autologous PBMCs that had first been deprived of pDCs, and then we gradually supplemented PBMC preparations with increasing numbers of freshly isolated autologous pDCs. We observed that in both multiple sclerosis and controls, PBMCs depleted of pDCs proliferated in response to allogeneic stimulation. As expected, in the healthy control group, addition of pDCs to the co-culture clearly increased the proliferation of autologous PBMC in a dose-dependent manner (Fig. 4A) . In striking contrast, in multiple sclerosis patients addition of pDCs to the allogeneic co-culture system had no effect on autologous PBMC proliferation even when pDCs were used in high numbers (Fig. 4A) . Interestingly, when the medium in the co-culture system was supplemented with IL-3, the effect of pDCs on the autologous PBMC proliferation was slightly increased also in multiple sclerosis patients, although still at a much lower level than in healthy controls (Fig. 4B) . These results indicate that the observed lower stimulatory activity of pDCs derived from multiple sclerosis patients is not related to an inappropriate IL-3 concentration but rather represents an intrinsic property of pDCs from multiple sclerosis patients.
To confirm that the observed impairment of DC in allogeneic stimulation assays in multiple sclerosis is specific for pDCs rather than mDCs, we also added autologous mDCs to parallel allogeneic co-culture experiments. In contrast to the experiments with pDCs, the effects of mDCs on the allogeneic reaction were similar for both multiple sclerosis and control mDC (not shown). Supernatants collected in allogeneic co-culture experiments were used for the analysis of cytokine production. We found that in healthy subjects, pDCs induced a significantly higher increase in IFN-gamma production than in multiple sclerosis patients when added to the co-culture system (Fig. 5 left) . Addition of IL-3 yielded comparable findings (Fig. 5 right) . The IFN-gamma production was directly proportional to the SI of PBMC, as shown in Fig. 4 . For IL2-secretion, addition of pDCs induced an increase in both multiple sclerosis and healthy controls, but there was only a trend towards higher IL-2 secretion in controls (not shown).
pDCs from multiple sclerosis patients show impaired IFN-alpha secretion in response to CpG ODN stimulation
To assess the functional properties of pDCs with regard to their role in innate immunity we performed a separate set of experiments with CpG ODN mimicking microbial stimulation of TLR-9. We used CpG 2216, a type A CpG ODN that is known to selectively activate pDCs, which in turn do vigorously secrete IFN-alpha . Since the secretory response of pDCs to CpG 2216 stimulation is unique among human PBMCs, we have compared IFN-alpha production after CpG 2216 stimulation in the culture of PBMCs obtained from multiple sclerosis patients and control subjects. PBMCs were exposed to CpG 2216 at the concentration of 0.5 and 1 mM. Beginning from Day 1 post-exposure and persisting throughout 3 days of the culture period, IFN-alpha secretion by PBMCs in healthy controls was, on the average, twice as high when compared with multiple sclerosis patients (Fig. 6 ). There was no significant difference in the relative numbers of pDCs in PBMCs between multiple sclerosis and control PBMC samples used in this set of experiments, suggesting that the overall secretion of IFNalpha in our PBMCs cultures reflects secretion by pDCs. We also assessed by FACS the expression of TLR-9 on PBMCs subjected to CpG stimulation. Intracellular staining showed no correlation between TLR-9 expression and IFN-alpha production in multiple sclerosis and control groups (n = 9 and n = 12, respectively) (data not shown).
pDCs from multiple sclerosis patients lose their immunoregulatory function
To assess the potential influence of pDCs on an immunoregulatory cell population (Treg cells) we measured CD4 +
Foxp3
+ cells cultured in the presence or absence of pDCs in a medium supplemented with human MBP. In healthy control subjects, depletion of pDCs led to a decrease in the number of CD4
+
Foxp3
+ Treg cells (Fig. 7) , whereas in multiple sclerosis patients depletion of pDCs did not affect the number of CD4 + Foxp3 + Treg cells. These results suggest the loss of regulatory function of pDCs in multiple sclerosis patients.
GA partially restores phenotype and function of pDC in multiple sclerosis
To address the functional significance of the observed disturbances in pDCs in multiple sclerosis patients, we performed a parallel set of experiments with pDCs obtained from multiple sclerosis patients treated with GA, an immunomodulatory compound approved for therapy in multiple sclerosis. All these patients had shown a positive clinical response to GA as measured by reduced relapse rate and slower disease progression. As shown in Fig. 8 , the expression of CD86 on pDC derived from patients treated with GA was higher than in untreated multiple sclerosis patients (P < 0.02). The difference between GA-treated multiple sclerosis patients and healthy controls was not significant. In allogeneic stimulation in the presence of pDCs isolated from patients treated with GA, the proliferative response of PBMCs was partially restored as compared with untreated multiple sclerosis patients (empty bars in Fig. 4) . These results indicate that the observed dysfunction of pDCs can be ameliorated with the improvement of the clinical course of the disease and indirectly support the concept of a regulatory role of pDCs in multiple sclerosis.
Discussion
The main finding of this study is the demonstration of a maturational defect and altered immunoregulatory function of pDCs in multiple sclerosis patients as demonstrated by an impaired response to CpG ODN, allogeneic stimulation and generation of CD4 + Foxp3 + Treg cells. In our experiments we first analysed the phenotype of peripheral blood DCs in clinically stable, untreated RR multiple sclerosis patients, healthy subjects and patients with NIC and found an abnormally low CD86 and 4-1BBL expression in freshly isolated pDCs in multiple sclerosis. CD86 and 4-1BBL belong to the most important costimulatory molecules of DCs, and their activities seem to 
The role of plasmacytoid DCs in MS
Brain (2006), 129, 1293-1305be mutually supportive (Cannons et al., 2001; Diehl et al., 2002) . The low expression of these markers in multiple sclerosis might render the pDCs less efficient in mounting an immune response. While for pDCs there is no previous account in multiple sclerosis, it was recently reported for monocyte-derived (mo) DCs that the expression of CD86 is low in multiple sclerosis patients ). These moDCs form a different DC population after several days of differentiation and maturation in culture, and, importantly, the phenotypic and functional properties of moDCs are strongly dependent on the culture conditions (Chang et al., 2000; Duperrier et al., 2000; Pietschmann et al., 2000) . In general, moDCs represent cells of myeloid lineage but are different from blood mDC, which were used in our study (Pickl et al., 1996; Gieseler et al., 1998) . This most probably explains why in our experiments we did not observe any phenotypic differences in mDCs between multiple sclerosis and healthy subjects. Fig. 3 Maturation of pDCs in vitro. pDCs were isolated from peripheral blood of untreated stable multiple sclerosis patients and healthy controls and cultured for 96 h with rhIL-3 (10 ng/ml). For the last 48 h soluble rhCD40L (0.5 mg/ml) was added to the culture medium. Every 24 h starting from the beginning of culture, a sample of cells was harvested and assessed by FACS. The graphs present changes in the expression of CD80 (A), CD86 (B), 4-1BBL (C), CD40 (D) and CD83 (E) on pDCs isolated from healthy controls (n = 12, closed triangles with solid lines) and multiple sclerosis patients (n = 18, closed diamonds with dashed lines). The mean percentages 6 SD of pDCs positive for each antigen at each time point of culture are shown. Statistically significant differences are indicated (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; Mann-Whitney test).
Although the direct role of 4-1BBL in the differentiation of T-cell response is not fully understood (Chu et al., 1997; Cannons et al., 2001; Ye et al., 2002) , it has been shown in an animal model of multiple sclerosis, experimental autoimmune encephalomyelitis (EAE) induced with myelin oligodendrocyte protein (MOG), that 4-1BBL co-stimulation was beneficial for the course of the disease (Sun et al., 2002) . The administration of a specific agonistic antibody to 4-1BB on the day of immunization caused enhanced apoptosis of encephalitogenic T cells resulting in disease amelioration. These results suggested a potential contribution of 4-1BBL to peripheral immune regulation in EAE. In order to assess the potential functional implication of the phenotypic differences observed in this study, we isolated peripheral blood pDCs from large volumes of leucapheresis samples in multiple sclerosis patients and healthy subjects and investigated pDC maturation in vitro. Low CD86 and 4-1BBL expression in freshly isolated pDCs was followed by impaired upregulation of both these molecules in culture in response to IL-3 and sCD40L. Thus, in multiple sclerosis the defective co-stimulatory phenotype of pDCs seems to persist during their maturation. CD86 is considered a key co-stimulatory molecule at the most early phase of an immune reaction (Chambers, 2001) . This is partly due to the kinetics of CD86 expression. The molecule is expressed at low levels even on unstimulated cells, and upon stimulation the level of expression increases rapidly. To the contrary, 4-1BBL has been shown to regulate development and persistence of the response (Bertram et al., 2002) . Moreover, it has been shown that B7 molecules CD80 and CD86 transmit reverse signals to DC and in this way modulate their immune function to be more tolerogenic (Munn et al., 2004) . Thus, the abnormal expression of both molecules on pDCs suggests that these cells may result in immune dysregulation upon interaction with other immune cells. Additionally, we observed in multiple sclerosis that, during maturation, pDCs failed to efficiently express CD40, a molecule of crucial relevance for DC-T cell interaction. It has been demonstrated recently that in patients with CD40 deficiency, the phenotype and immunological functions of DCs were strongly impaired although there were no differences in blood DC number (Fontana et al., 2003) . The ineffective maturation process of pDCs in multiple sclerosis was further confirmed in this study by our finding of a lower and delayed expression of another DC maturation marker CD83.
pDCs provide a link between the innate and adaptive immunity (Kadowaki et al., 2000) . As an example we have chosen the TLR-9 pathway of the innate immune system and assessed pDC dysfunction after stimulation with CpG ODN, a potent inducer of IFN-alpha secretion by pDCs (Vollmer et al., 2004) . In humans, the expression of TLR-9 is restricted to B cells and pDCs. pDCs are characterized by the exclusive ability to rapidly synthesize large amounts of IFN-alpha in response to CpG ODN . As we show here, in multiple sclerosis pDCs have a significantly lower capacity to secrete IFN-alpha upon stimulation with CpG ODN, which corroborates our findings of functional impairment of these cells in multiple sclerosis. It has been suggested that the instantaneous/immediate secretion of IFNalpha by pDCs shapes the immune response by influencing several cell types with regulatory properties including mDCs, NK cells, and gamma-delta T cells (Biron, 1998; Rothenfusser et al., 2001; Hornung et al., 2002) . In turn, these cells and their products control at least partially the maturation process of pDCs and thus influence the pDC function in adoptive immunity (Kadowaki and Liu, 2002) . We suggest that the lower capacity of multiple sclerosis-derived pDCs to produce IFN-alpha as observed here may indicate an impairment interfering with the normal immunoregulatory circuits. Similar dysfunction of pDCs was detected in neonatal pDCs, which displayed decreased upregulation of CD80, CD83 5 PBMCs depleted of pDCs (pDC negative fraction = Neg) obtained from untreated multiple sclerosis patients (n = 8), GA-treated multiple sclerosis patients (n = 6) and healthy subjects (n = 7) were cultured with 10 5 irradiated allogeneic PBMC as stimulators and graded numbers of freshly isolated autologous pDCs for 64 h in culture medium (A) or in culture medium supplemented with rhIL-3 (10 ng/ml) (B). All results of co-culture proliferation assays were given as an SI 6 SD (untreated multiple sclerosis patients = black bars, GA-treated multiple sclerosis patients = empty bars, healthy controls = dotted bars).
and CD86 and were intrinsically deficient in CpG ODNinduced IFN-alpha production at birth (De Wit et al., 2004) .
The functional consequences of the observed pDC's maturational deficits in multiple sclerosis were assessed also in allogeneic co-culture experiments. PBMCs mixed with allogeneic target cells are known to respond by vigorous proliferation (McLellan et al., 1996) . This response depends on the appropriate function of mDCs and pDCs (Tourkova et al., 2001; Klangsinsirikul et al., 2002) and particularly on their interaction with effector cells via the CD40-CD40L pathway (McLellan et al., 1996; Sun et al., 2003) . We have shown here that the ability of the pDCs to induce autologous PBMC proliferation in response to allogeneic stimulation is lesser in multiple sclerosis compared with that in healthy subjects. In these experiments pDCs isolated from multiple sclerosis patients also failed to induce secretion of 5 The effect of pDCs on cytokine secretion in allogeneic co-culture. Co-culture experiments were performed as described in Fig. 4 . After 48 h co-culture supernatants were collected and the IFN-gamma content was measured by ELISA. Graphs present the percentage change of mean cytokine secretion 6 SD (multiple sclerosis patients = black bars, healthy controls = empty bars) after addition of increasing numbers of pDC to co-culture. Please note significant increase in IFN-gamma secretion in control but not in multiple sclerosis over 2 days of pDCs in co-culture (*P < 0.05, **P < 0.01, ***P < 0.001; Mann-Whitney test) and significantly higher IFN-gamma secretion by control cells in IL-3-supplemented co-culture compared with multiple sclerosis ( # P = 0.03; Mann-Whitney test). Fig. 6 IFN-alpha production in PBMCs after CpG 2216 stimulation. 2 · 10 6 /ml PBMCs isolated from untreated stable multiple sclerosis patients (n = 9, blue bars) and healthy subjects (n = 12, red bars) were cultured for 72 h in culture medium or in culture medium supplemented with 0.5 or 1.0 mM of CpG 2216. Every 24 h culture supernatants were collected and IFN-alpha content was measured by ELISA. Graphs represent the mean IFN-alpha secretion 6 SD for increasing doses of CpG 2216: 0.0, 0.5 and 1.0 mM, measured over three consecutive days. Note significantly higher IFN-alpha secretion by control PBMCs (containing pDCs) as compared with multiple sclerosis (*P < 0.05; Mann-Whitney test). Fig. 7 Depletion of pDCs has no effect on the number of CD4 + Foxp3+ cells in multiple sclerosis patients. PBMC were assessed for CD4 + Foxp3 + cells content ex vivo (Day 0) and then after 6 days in culture with MBP (10 mg/ml). In parallel experiments pDCs were depleted from PBMC as described in Material and methods. CD4 + Foxp3 + cells were defined with double staining with anti-CD4 mAb and anti-Foxp3 mAb and by flow cytometry. The black and empty bars represent the average number 6 SD of CD4
+
Foxp3
+ cells from several experiments in healthy subjects (n = 7) and multiple sclerosis patients (n = 7), respectively. The number of CD4 + Foxp3 + cells was significantly reduced (P < 0.05) after pDCs depletion in healthy controls but not in multiple sclerosis patients (*P < 0.05; Mann-Whitney test).
IFN-gamma by PBMCs. The observed functional impairment as seen with pDCs from multiple sclerosis patients was specific for pDCs, since blood mDCs used in parallel experiments showed similar potency to induce allogeneic stimulation both in multiple sclerosis and healthy subjects. It was shown that pDCs exposed to CpG ODN stimulated the development of CD4 +
CD25
+ regulatory T cells from allogeneic naïve CD4 + T cells (Mossman et al., 2004; Sakaguchi, 2005) . Also naïve CD8
+ T cells have been demonstrated to acquire a regulatory function when stimulated with pDCs (Gilliet and Liu, 2002) . Taking into consideration the nature of the DC-T cell interaction, the low level of co-stimulatory molecules expression, as shown in this study, may potentially influence the ability of pDCs in multiple sclerosis to interact with the immune system, and in particular to generate regulatory cells. In line with this hypothesis we have demonstrated that depletion of pDCs resulted in a decreased level of CD4
+
Foxp3
+ regulatory cells in healthy controls but not in multiple sclerosis patients. These results correspond well with the findings that the Treg cells defined as CD4 + CD25 hi show dysfunction in multiple sclerosis patients (Viglietta et al., 2004; Huan et al., 2005) .
In an additional attempt to link the observed dysfunction of pDCs with the generally accepted clinical efficacy of an approved immunomodulatory treatment for multiple sclerosis, we performed pDC phenotyping and functional assays in patients treated with GA. Indeed, in these patients pDC phenotype and the ability to induce allogeneic reaction were partially restored. We conclude that the GA-induced amelioration of clinical disease activity in multiple sclerosis correlated, at least partially, with improved properties of pDCs, suggesting a potential role of these cells in immune mechanisms of multiple sclerosis.
In summary, we provide evidence that pDCs isolated ex vivo from the blood of multiple sclerosis patients demonstrate both phenotypic and functional abnormalities. Although to date no single immune feature has been shown to be pivotal for the onset of multiple sclerosis or for defined disease characteristic in established multiple sclerosis, the dysfunction of pDCs at several levels described here may importantly contribute to the impairment of the immunoregulatory circuit in multiple sclerosis. Fig. 8 Expression of CD86 on pDCs from multiple sclerosis patients treated with GA. PBMC freshly isolated from untreated multiple sclerosis patients (n = 35), multiple sclerosis patients treated with GA (n = 9) and healthy controls (n = 30) were stained for CD86 and assessed by FACS as described in Material and methods. Bars represent mean percentage 6 SD of pDCs positive for CD86 staining (*P < 0.02, **P < 0.0001; Mann-Whitney test).
